Protoplasts from a virus-free isolate, 3bla conD/A3, of Gaeumannomyces graminis var. tritici were inoculated with a purified preparation of a mixture of four viruses, A, B1, B2 and C, from G. graminis isolate 3bla in the presence of polyethylene glycol. Three out of 30 fungal colonies obtained by regeneration of inoculated protoplasts were found to be infected, two with virus B1 and one with virus B2. The concentrations of these viruses in the newly infected isolates were similar to their respective concentrations in isolate 3bla and remained stable through three serial subcultures.
Infections of field isolates of the wheat take-all fungus Gaeumannomyces graminis var. tritici with double-stranded RNA (dsRNA) viruses are common . Lapierre et aL (1970) and Lemaire et al. (1970) correlated virus infection with hypovirulence in G. graminis, but Rawlinson et al. (1973) found no consistent association of virus infection with weak pathogenicity of the fungus. These apparently conflicting reports could be explained if the variations in the serological properties (Frick & Lister, 1978) and in the numbers and mol. wt. of the dsRNA and capsid polypeptide components Buck, 1984) of viruses from different fungal isolates reflect variations in biotype.
To obtain unequivocal evidence for the effect of a particular virus on the pathogenicity of G. graminis, it is necessary to obtain virus-free and virus-infected isolates of the same fungal strain. Although protoplasts of a few fungi have been infected with partially purified virus preparations (Lhoas, 1971 ; Pallett, 1976; G habrial & Mernaugh, 1983 ) many investigators have not succeeded (Bozarth, 1975; Lai & Zachariah, 1975; Boissonnet-Menes & Lecoq, 1976) . In attempts to transmit G. graminis viruses, Rawlinson & Muthyalu (1974) reported that uninfected isolates produced few protoplasts, from which they were unable to make any regenerate mycelium.
We now report the isolation and virus infection of G. graminis protoplasts and their regeneration to produce fungal colonies which remained stably infected through three serial subcultures.
For the preparation of virus inoculum, G. graminis isolate 3b 1 a was cultured for 10 days at 24 °C in two shaken flasks each containing 200 ml GP medium [2% (w/v) glucose, 0-5% (w/v) peptone, 0-25% (w/v) yeast extract]. After harvesting by vacuum filtration, the mycelium (20 g wet weight) was suspended in 60 ml ice-cold PK buffer (0.03 M-NaH2PO4, 0.15 M-KC1, adjusted to pH 7.6 with NaOH) and disrupted by shaking with 10 g of glass beads (0.45 to 0.5 mm diam.) in a Braun model MSK cell homogenizer at 4000 r.p.m, for 20 s. After addition of 140 ml PK buffer and stirring at 4 °C for 4 h the virus was isolated by two cycles of differential centrifugation (15000g, 30 rain; 96000g, 3 h) and purified by centrifugation through linear density gradients of sucrose [10 to 45% (w/v) in PK buffer] at 149000g for 1 h. Virus-containing fractions, identified by agarose gel electrophoresis , were diluted with 2 vol. PK buffer and the virus was repelleted by centrifugation at 189000 g for 2 h and then resuspended in 1 ml PK buffer. Analysis of a sample by polyacrylamide gel electrophoresis (PAGE), after disruption of virus particles by heating in 1% SDS, revealed the 0022-1317/84/0000-6176 $02.000 1984 SGM Short communication dsRNA components characteristic of the four viruses A, B1, B2 and C described previously (McFadden et al., 1983) .
G. graminis isolate 3bla conD/A3, a single ascospore isolate derived from a single conidial isolate of 3bla, was chosen as the host for virus infection because (i) it has been shown to be completely virus-free (McFadden et al., 1983) and (ii) it should be susceptible to 3bla viruses. For protoplast isolation, cultures were shaken in a liquid medium which contained (g/l): NaNO3, 6.0; MgSO~. 7HzO, 0.52; KC1, 0.52; FeSO4.7H20, 0.2; ZnSO4" 7H20, 0.2; glucose, 20; yeast extract, 5.0; casamino acids, 2.0, at 24 °C for 7 days. After harvesting by filtration, the mycelium (5 g wet weight) was resuspended in 25 ml of buffer/osmotic stabilizer (0-2 u-sodium phosphate pH 5.8, containing 0.6 M-KC1) (Hamlyn et al., 1981) and then centrifuged at 730 g for 5 min. The pellet was resuspended in 75 ml of buffer/stabilizer containing the lytic enzymes Novozym 234 (Novo Enzyme Products, Windsor, U.K.) and Cellulase CP (kindly donated by J. & E. Sturge Ltd., Selby, U.K.), both at a concentration of 5 mg/ml and shaken orbitally at 24 °C for 4 h. The released protoplasts were separated from remaining mycelial fragments by filtration through glass wool, followed by filtration through a sintered glass filter (maximum pore size: 20 to 30 Ilm diam.). The protoplasts were then collected by centrifuging at 550 g for 5 min, washed twice in buffer/stabilizer and finally resuspended in 3 to 5 ml of buffer/stabilizer.
Protoplasts were inoculated using a modification of the methods of Cassells & Barlass (1978) and Maule et al. (1980) for virus infection of higher plant protoplasts. To 0.2 ml of protoplast suspension (approx. 5 x 107 protoplasts) in 0-2 M-sodium phosphate pH 5-8, containing 0-6 M-KC1, were added 2 ml of 40~ (w/v) polyethylene glycol 6000 (PEG) containing 3 mM-CaC12 followed immediately by 0.5 ml of filter-sterilized virus suspension (130 to 180 gg/ml) at 20 to 22 °C. After 10 s, 20 ml of 0-2 M-sodium phosphate pH 5.8, containing 0.6 M-KC1, was added and the mixture was incubated for 1 h at 20 to 22 °C with occasional gentle shaking. Aliquots of 0.1 ml of 1 : 100 and 1:1000 dilutions of the inoculation mixture in 0.2 M-sodium phosphate pH 5.8, containing 0.6 M-KC1, were mixed with molten (48 °C) protoplast regeneration complete medium which contained (g/l): NaNO3, 6.0; MgSO4" 7H20, 0.52; KC1, 44.7; FeSO4"7H20, 0.2; ZnSO4.7HEO, 0.2; glucose, 20; yeast extract, 1.0; Bactopeptone, 1.0; casamino acids, 1-0; biotin, 0.001 ; thiamine, 0.001 ; agar, 15, in Petri dishes and incubated at 20 to 22 °C. After 7 to 10 days, single fungal colonies about 3 mm in diameter and spaced about 1 cm apart, which were produced by regeneration of protoplasts, were picked off and shake-cultured in 200 ml GP medium at 24 °C. After 7 to 10 days when each single colony had produced about 5 g mycelium (wet weight after harvesting by filtration), about 10 mg was used for a subculture on a potato dextrose agar (PDA) slope and the remainder was subjected to extraction for dsRNA, essentially as described by Morris & Dodds (1979) . No colonies were produced when filter-sterilized virus was plated undiluted on regeneration medium, showing that the inoculum was completely free from propagules of the infected parent isolate 3bl a. Hence all the colonies arose by regeneration of protoplasts.
In the first experiment 10 regenerated colonies were examined and dsRNA was detected by PAGE in one, designated R1. This dsRNA consisted of two components which co-migrated with the 2.33 and 2.24 kbp dsRNA of virus B1 (Fig. la, lanes 1, 2 and 3) . In another experiment out of 20 regenerated colonies dsRNA was detected in two, designated R2 and R3. The dsRNA from R2 consisted of two components which co-migrated with B1 dsRNA (Fig. 1 a, lanes 4 , 5 and 6), whereas dsRNA from R3 consisted of two components which co-migrated with the 2.11 and 2.08 kbp dsRNA components of virus B2 (Fig. lb, lanes 1, 2 and 3) . Virus particles were extracted from further batches of mycelium of isolates R1, R2 and R3 grown in shaken liquid culture, using the PDA subcultures as sources of inoculum, and purified by sucrose density gradient centrifugation. Electron microscopy showed these particles to have diameters of 35 nm which is the same as those of virus BI and B2 . Double-stranded RNAs extracted from the virus particles had the same mobilities in PAGE as dsRNAs prepared from the isolates by direct nucleic acid extraction. Examination of the capsid polypeptides by SDS-PAGE showed in each case a major component with a mol. wt. of 73000 (Fig. 2) , as found previously for both viruses B1 and B2 (McFadden et al., 1983) . It is clear therefore that regenerated isolates R1, R2 and R3 are infected with viruses B1, B1 and B2 respectively. T h e yields of B1 a n d B2 d s R N A s from isolates R1, R2 a n d R3 were similar to those of the respective d s R N A from the p a r e n t infected isolate 3 b l a a n d r e m a i n e d stable after three serial subcultures e x t e n d i n g over 3 m o n t h s . A b o u t 10 ~tg of B1 d s R N A was r e c o v e r e d from 5 g wet w e i g h t of m y c e l i u m of isolates R l a n d R2, w h i c h is similar to the a m o u n t of B1 d s R N A (in virus particles) in the total inoculum. Since a m a x i m u m o f 0.005 ~ o f the i n o c u l a t e d p r o t o p l a s t s were plated on regeneration medium and a single colony represented about 9.2 ~ of the surface area of a Petri dish, a single colony could not have carried more than 0.00001 ~ residual inoculum. Virus B1 must therefore have replicated at least 107-fold. At the first subculture 10 mg of the 5 g of mycelium was used to inoculate the PDA slope and about 5 ~ of the subculture was used to inoculate shaken flasks for a second batch of mycelium from which about 9 ~tg of B1 dsRNA was again obtained. This represents a further 104-fold replication of virus B1, giving an overall replication of 1011. The stability of the concentrations of B 1 dsRN A in isolates R 1 and R2 after two further subcultures leaves absolutely no doubt that this dsRNA is replicating in the newly infected strains. Similar conclusions were reached with virus B2 dsRNA in isolate R3.
The virus concentration in the inoculum corresponds to > 100000 particles per protoplast. Since only 10 ~ of the regenerated colonies were infected and each with only one virus, it is likely that only a small percentage of the inoculum was taken up by protoptasts. However, the procedure has enabled individual viruses to be 'cloned' from a mixture of viruses and indeed virus B2 was separated in a soluble form for the first time (previously it was obtained only bound to bentonite; McFadden et al., 1983) . The failure to detect colonies infected with viruses A or C may be due to screening of an insufficient number of colonies and/or lower infectivity of these viruses. It is unlikely to be due to one virus excluding another, since infection was achieved with virus B2, which from PAGE of 3b 1 a dsRNA, appears to be in the lowest concentration ( Fig. 1 a, lane 1, 2.11 and 2.08 kb dsRNA). The requirement for a high PEG concentration for infection (probably to promote protoplast fusion) was shown by the absence of dsRNA in 20 colonies regenerated from protoplasts inoculated with 3b 1 a viruses using 30 ~ (w/v) PEG in place of 40 (w/v) PEG. No dsRNA was detected in 20 colonies regenerated from protoplasts inoculated with 3bla virus dsRNA (50 ~tg/ml) and 40~ (w/v) PEG at 20 to 22 °C.
The procedure described will clearly be useful for infecting isolates of individual strains of G. graminis for testing the effect of virus infection on fungal pathogenicity. Since no selection method is available for infected colonies, further optimization of the conditions to increase the fraction of protoplasts which become infected and use of the procedure to infect large numbers of G. graminis isolates with a range of different viruses would be greatly facilitated by the development of a method for detection in situ of infected colonies on Petri dishes, such as a nucleic acid hybridization or immunological assay.
Little is known concerning the replication cycle of any dsRNA mycovirus because procedures for synchronous infection of cells have not been developed. It is possible that the procedure described could be adapted to culture protoplasts, after inoculation with individual viruses, in liquid medium. Virus replication could then be studied using methods similar to those employed with viruses in protoplasts of higher plants.
